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I.  INTRODUCTION 


The  adsorption  of  formic  acid  on  ammonlum-Y  (NH^-Y)  and  ultrastable 
hydrogen-Y  (H-Y)  zeolites  has  been  studied  recently  by  transmission  Infra¬ 
red  spectroscopy  (1).  A  brief  review  of  the  adsorption  of  formic  acid 
on  metal  oxides  as  well  as  a  description  of  the  two  zeolites  has  been 
discussed  previously  (1).  From  the  results  of  the  adsorption  isotherm  and 
the  position  of  the  Infrared  bands.  It  was  determined  that  the  formic 
acid  was  chemically  adsorbed  on  the  zeolites  as  both  unldentate  formate 
ligands  (species  I)  and  bldentate  formate  species.  Through  analogies 
with  other  studies  of  adsorbed  formic  acid  and  the  Infrared  spectrum  of 
aluminum  formate,  it  was  suggested  that  the  formate  ion  was  bonded  to  the 
surface  as  a  bidentate  group  (species  II  or  III).  The  infrared  spectra 
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Indicated  that  the  NH^-Y  sample  had  a  nearly  even  distribution  of  the  two 
surface  species,  whereas  the  formic  acid  adsorbed  on  the  ultrastable  H-Y 
sample  was  present  primarily  as  the  formate  Ion.  It  has  been  proposed  that 
the  decomposition  of  the  adsorbed  formate  group  Is  the  rate-determining 
step  In  the  catalytic  reaction  of  formic  acid  to  yield  carbon  monoxide 
and  water  (2).  Since  the  ultrastable  H-Y  zeolite  Is  more  active 
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catalytlcally  than  the  NH^-Y  zeolite,  the  distribution  of  the  surface 
states  of  the  formic  acid  has  important  Implications  in  the  role  of  the 
configuration  of  the  adsorbed  species. 

We  present  here  a  solid-state  nuclear  magnetic  resonance  (NMR)  study 

of  the  adsorption  of  formic  acid  on  NH^-Y  and  ultrastable  H-Y  zeolites. 

The  application  of  NMR  technqlues  to  the  study  of  adsorbed  species  has  been 

discussed  in  several  reviews  (3,4,5).  Although  there  have  been  numerous 

NMR  studies  of  physically  adsorbed  hydrocarbons,  there  have  been  relatively 

few  applications  to  the  study  of  chemically  adsorbed  species.  Examples 

of  chemically  adsorbed  systems  Include  the  study  of  benzene  on  charcoal 

and  silica  gel  (6),  carbon  dioxide  on  molecular  sieves  (7),  and  carbon 

monoxide  on  rhodium  on  alumina  (8).  One  difficulty  with  NMR  studies  of 

chemisorbed  molecules  is  the  extremely  weak  NMR  signals  of  such  dilute 

systems,  which  is  further  complicated  by  excessive  broadening.  To  date, 

most  studies  on  physically  adsorbed  molecules  have  concentrated  on  the 

spin-lattice  relaxation  times  and  the  isotropic  frequency  of  the  resonance. 

This  study  will  concentrate  more  on  the  anisotropic  chemical  shift  tensor 

13 

and  the  dipolar  interaction  of  the  C  nuclei  with  neighboring  nuclei,  two 
quantities  which  are  averaged-out  in  physically  adsorbed  systems.  These 
quantities  will  be  used  to  determine  the  geometry  of  the  adsorbed  state, 
the  degree  of  motion  on  the  surface  and  the  nature  of  the  adsorption  site 
on  the  substrate. 

This  study  will  utilize  several  high- resolution  NMR  pulse  sequences 
(9,10,11),  Including  spin- decoup ling  (12),  cross-polarization  (12,13), 
dipolar-modulation  (14),  and  dipolar-difference  (15)  techniques  to  enhance 
the  NMR  signals  and  remove  the  extraneous  broadening.  The  analysis  will 
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be  based  primarily  on  C  NMR  spectra.  The  *C  nuclei  are  a  dilute 
spin  system  In  the  zeolite  and  Interact  only  through  other  spin  systems 

or  the  lattice;  thus,  there  Is  no  broadening  from  homonuclear  Interactions. 

13  1 

The  C  chemical  shifts  are  much  larger  than  those  of  H  nuclei,  which 

allows  an  Interpretation  of  the  spectra  even  In  the  presence  of 

substantial  broadening.  The  spectrum  of  the  carbonyl  proton  of  formic 

acid  will  be  measured  also  as  a  cross-reference  on  the  environment  of 

the  adsorbed  species. 

The  NMR  pulse  techniques  will  be  used  to  measure  the  chemical  shift 

1  27 

tensor,  the  dipolar  Interactions  with  H  and  A1  nuclei,  and  the  various 

relaxation  times  of  the  nuclei  of  the  adsorbed  formic  acid.  The  center 

of  mass  of  the  chemical  shift  tensor  (the  Isotropic  value  observed  in 

physically  adsorbed  samples)  reflects  the  general  character  of  the  chemistry 

of  the  molecular  species;  that  Is,  the  isotropic  chemical  shift  readily 

distinguishes  between  fundamentally  different  carbon  compounds  such  as 

carbonyl,  aliphatic,  and  aromatic  groups.  However,  the  isotropic  value 

Is  not  a  good  indicator  of  subtle  chemical  differences  within  a  subgroup 

such  as  the  formate  compounds  (16).  Rather,  the  changes  in  bonding 

geometry  are  better  reflected  by  the  anisotropy  of  the  chemical  shift 

tensor.  In  general,  within  a  subgroup  the  Isotropic  value  Indicates  the 

13 

average  electron  density  at  the  C  nucleus,  whereas  the  full  tensor  Is 
sensitive  to  changes  In  the  angular  distribution  and  syimetry  of  the 
electron  density. 

13 

The  Interaction  of  the  C  nuclei  with  neighboring  dipoles  can 
be  used  to  determine  average  Intemuclear  distances  and  the  extent  of 
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motional  averaging.  The  nuclei  are  most  strongly  coupled  to  the 

nuclei  of  the  directly  bonded  hydrogen  atoms.  Thus,  It  Is  possible  to 

apply  cross-polarization  techniques  to  study  the  strength  of  the  coupling 

(13)  and  to  enhance  the  NMR  spectrun  (12).  The  Interaction  may  be 

quantified  further  by  the  dipolar-modulation  experiment  (14).  Finally, 

the  dipolar  Interaction  may  be  used  to  Isolate  the  *H  NMR  spectrum  of  the 

carbonyl  proton  from  the  broad,  diffuse  llneshape  of  the  other  protons  of 

the  sample  (15).  The  extent  of  the  ^A1  broadening  of  the  NMR 

13  27 

spectrum  provides  an  estimate  of  the  C-  A1  Intemuclear  distance  and, 

thus.  Information  on  the  adsorption  site  of  the  formic  acid. 

The  three  time  constants  measured  In  this  study  are  the  spin-lattice 

relaxation  time  (Tj),  the  transverse  relaxation  time  (T2),  and  the  time 

constant  for  the  coupling  between  the  and  *H  spin  baths  (TjS).  The 

Tj  is  the  time  constant  for  the  rate  that  the  perturbed  magnetization 

returns  to  equilibrium  with  the  external  magnetic  field.  In  samples  with 

relatively  high  paramagnetic  impurity  levels,  as  is  the  case  with  the  two 

zeolites  studied  here,  the  Tj  of  a  chemisorbed  species  cannot  be  used  to 

determine  the  nature  of  the  motion  on  the  surface  or  the  cross-relaxation 

rate  with  neighboring  spins.  However,  In  some  cases  the  Tj  may  be  used 

to  differentiate  between  various  adsorbed  states  by  the  nature  of  the 

coupling  to  the  paramagnetic  centers  (8).  T2  is  essentially  the  lifetime 

of  the  state,  which  is  often  limited  by  motions  of  the  molecule  or  motions 

of  nearby  unpaired  electrons  of  paramagnetic  centers.  T  Is  measured  by 

IS  13 

the  rate  at  which  the  magnetization  is  transferred  between  the  C  and 

the  *H  spin  systems  and  may  be  used  to  calculate  the  strength  of  the 


dipolar  Interaction. 


II.  EXPERIMENTAL  PROCEDURE 

A.  Sample  Description  and  Preparation 

The  anmonlum-Y  (NH^-Y)  zeolite,  unit  cell  formula 

was  P^P*^  by  Ion  exchange  with  a 
sodium-Y  zeolite.  This  NH^-Y  zeolite  was  calcined  at  775  K  to  yield  a 
"deep  bed”  product,  an  ultrastable  hydrogen-Y  (H-Y)  zeolite,  with  unit  cell 

formula  Na2H48^°2^50^*Vl4226H2^  ^17^‘  ze0^1tes 

contain  780  t  10  ppm  Fe  and  12  t  2  ppm  Mn,  as  determined  by  atomic 

absorption.  The  electron  paramagnetic  spectrum  of  the  zeolites  at  8  K 

and  the  microwave  frequency  at  9.25  GHz  show  a  sharp  transition  at  g  *  4.4 

and  a  multiplet  of  about  6  transitions  ranging  from  g  *  2.2  to  1.9.  The 

sharp  line  at  g  *  4.4  is  typical  of  Fe4"*  in  silica-aluminas,  whereas  the 

multiplet  at  about  g  *  2.0  is  indicative  of  Mn**  (18).  The  sharpness  of 

the  transitions  indicates  that  the  paramagentic  centers  are  atomically 

dispersed  in  the  zeolites  and  not  clustered  in  metallic  particles. 

The  zeolite  samples  were  outgassed  with  a  liquid  nitrogen -trapped  diffusion 

pump  to  pressures  of  about  5  x  10"5  Torr  (1  Torr-  133.3  Nm'2)  by  heatinq  for  3 

hours:  the  NH4-Y  zeolite  at  385  K  and  the  ultrastable  H-Y  at  800  K.  The  nitrogen 

2  2 

BET  surface  areas  of  the  zeolites  are  459  t  10  m  /g  and  515  ±  10  m  /g  for 
the  NH^-Y  and  the  ultrastable  H-Y,  respectively,  representing  monolayers  of 
•bout  63  and  84  nitrogen  molecules  per  unit  cell.  The  formic  acid 
adsorption  Isotherms  for  both  zeolites,  measured  previously  (1),  reveal 
monolayer  coverages  of  75  and  56  formic  acid  molecules  per  unit  for  the 
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HH^-Y  and  the  ultrastable  H-Y,  respectively.  A  submonolayer  of  isotoplcally 
enriched  (91.2%  ^C)  formic  acid  was  deposited  on  the  outgassed  NH^-Y 
and  ultrastable  H-Y  zeolites  by  condensation  from  the  gas  phase.  The 
predetermined  pressure  of  the  vapor  to  be  deposited  was  calculated  from 
the  monomer/dimer  equllbrlum  data  of  Coolldge  (19). 

This  NMR  study  was  performed  on  two  samples  of  zeolites  with 

submonolayer  coverages  of  fonnlc  acid.  Quantitatively,  one  sample  consisted 

of  0.120  g  of  NH^-Y  zeolite  loaded  with  1.81  x  10“4  moles  (9.9  x  10*° 

13 

C  nuclei),  a  coverage  of  24.9  molecules  of  formic  acid  per  unit  cell 
of  zeolite.  The  second  sample  was  0.121  g  of  ultrastable  H-Y  zeolite  dosed 
with  1.86  x  10'4  moles  (1.02  x  10^®  nuclei)  of  formic  ^cid,  a  coverage 
of  18.5  molecules  of  formic  acid  per  unit  cell.  We  are  confident  that 
the  structural  integrity  of  the  NH^-Y  zeolite  is  maintained  under  this 
light  loading  of  the  acid.  The  acid  coverage  is  significantly  below  the 
point  where  the  anomalies  occur  in  the  adsorption  isotherm  and  the  ratio 
of  hydrogen  ions  to  anmonium  ions  is  low,  an  important  criterion  for 

zeolite  stability  (20). 

13 

The  C  NMR  spectra  of  the  reference  compounds  were  obtained  from 
enriched  samples  of  formic  acid,  anmonium  formate,  and  calcium  formate. 

The  formic  acid  sample  was  20%  13C-enriched,  prepared  by  diluting  the 
91.2%  stock  with  natural  abundance  formic  acid.  The  anmonium  formate 
sample  (12%  C-enriched)  was  prepared  by  neutralizing  the  formic  acid 
with  anmonium  formate  and  then  vacuum-desiccating  to  remove  the  residual 
water  and  ammonia.  The  calcium  formate  reference,  previously  examined 
elsewhere  (14),  contained  6%  C  and  was  doped  with  Mn  to  lower  spin- 


9 


lattice  relaxation  times. 

B.  NMR  Spectrometer  and  Pulse  Sequences 

The  Fourier  transform  13C  and  NMR  spectra  were  measured  on  a 
double- resonance  multiple-pulse  spectrometer  (21,22).  The  1.32  Tesla 
Varian  magnet  is  stabilized  to  about  1  ppm  with  an  external  19F  pulsed 
field- frequency  lock.  The  data  were  taken  with  a  single  coil  (5  inn 
diameter)  double-resonance  probe  tuned  for  *H  resonance  at  56.4  MHz  and 
resonance  at  14.2  MHz  (22).  Temperatures  were  regulated  by  a  dewared 

nitrogen  flow  system. 

13 

The  C  NMR  spectra  in  this  study  were  obtained  by  Fourier  trans¬ 
forming  the  signals  observed  with  three  techniques:  the  180°-t-90°  (23), 
13C-*H  cross-polarization  (12),  and  13C-1H  dipolar-modulation  (14) 
experiments.  The  *H  spectrum  of  the  carbonyl  proton  was  observed  by  the 
*3C-*H  dipolar-difference  experiment  (15).  These  four  pulse  sequences  are 
diagrammed  in  Figure  1.  The  intensities  and  lineshapes  of  the  NMR  spectra 
as  a  function  of  the  various  parameters  of  each  pulse  sequence  can  be  used 
to  describe  the  adsorbed  state  and  the  local  environment  of  the  formic  acid. 
The  main  features  of  each  of  the  pulse  schemes  will  be  discussed  here  only 
briefly.  More  extensive  discussions  may  be  found  in  the  reviews  mentioned 
earlier  (9,10,11). 

The  180°-t-90°  pulse  sequence  provides  a  quantitative  measure  of  the 
number  of  *3C  nuclei  In  the  sample;  provided  that  Tj  »  t,  the  sequence 
Is  repeated  only  after  waiting  a  period  of  at  least  five  Tj's,  and  the 
proton  Irradiation  Is  sufficiently  Intense  to  decouple  the  13C-*H  spins. 

The  criterion  for  heteronuclear  decoupling  is  that  the  decoupling  field 


Is  greater  than  both  the  *3C-*H  heteronuclear  coupling  and  the  *H-*H 

homonuclear  spin  coupling  (10);  that  Is,  the  Larmor  frequency  of  the 

protons  In  the  decoupling  field  must  be  comparable  to  the  spin-flip  rate 

13 

of  the  protons  caused  by  both  the  C  and  other  protons.  The  Larmor 
frequency  of  the  protons  In  a  holding  field  of  16  6  Is  68  KHz.  The 
13C-*H  coupling  for  a  bond  length  of  1.09  A  is  less  than  45  KHz  at  the 
most  Intense  orientation  and  averages  less  than  11  KHz.  The  square  root 
of  the  second  moment  of  the  spectrum  of  either  the  NH^-Y  of  ultrastable 
H-Y  zeolites  is  only  about  5.2  KHz  at  295  K.  Thus,  16  G  Is  sufficient  to 
assure  reliable  13C  spin  counts  for  the  adsorbed  formic  acid.  The 
Intensity  of  the  observed  magnetization  as  a  function  of  t,  the  delay 
between  the  180°  and  90° pulses,  may  be  used  to  calculate  the  Tj  of  the 
13C  nuclei  (23).  The  180°-t-90°  sequence  is  alternated  with  a  single  90° 
pulse,  and  the  successive  free  induction  decays  are  alternately  added  and 
subtracted.  This  add-subtract  mode  removes  instrumental  artifacts  during 
the  period  inmediately  after  the  90°  pulse. 

The  *3C-*H  cross-polarization  experiment  yields  enhanced  *3C  spectra 
and  quantifies  the  strength  of  the  heteronuclear  interaction  by  measuring 
the  rate  of  transfer  of  magnetization  between  the  two  spin  systems  (12). 

In  general,  it  is  not  possible  to  calibrate  the  intensity  of  the  signal 
from  the  cross-polarization  experiment  for  an  Inhomogeneous  system,  such 
as  the  formic  acid  adsorbed  on  the  zeolites,  without  a  knowledge  of  the 
distribution  of  bond  lengths  and  the  degree  of  motional  averaging.  The 
cross-polarization  process  will  selectively  emphasize  the  signal  from  13C 
nuclei  with  stronger  couplings  to  the  *H  nuclei.  The  stronger  couplings 
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nay  be  the  result  of  more  *H  spins  In  the  immediate  environment  (within 

•bout  5  X),  *3C-*H  bonds  at  select  orientations  to  the  external  magnetic 

field  (the  interaction  is  proportional  to  (3  cos  e  -  1),  where  6  is  the 

13  1 

angle  between  the  intemuclear  bond  and  the  external  field),  or  the  C-  H 
bond  Is  not  being  averaged  by  motion.  For  C-  H  intemuclear  bonds  at 
orientations  where  the  heteronuclear  dipolar  coupling  Is  weak  (l.e., 

«  A 

near  55°),  the  c  magnetization  must  be  produced  by  transfer  from  intra- 

13  13 

molecular  protons,  or  C-  C  homonuclear  spin  transfer.  Both  processes 

13 

are  slow  and  require  longer  C  locking  fields.  Thus,  It  is  not  feasible 

13 

to  calculate  a  priori  the  intensity  of  the  C  cross-polarization  spectra. 

It  Is,  however,  possible  to  compare  relative  single  intensities  from  one 
sample  as  a  function  of  the  experimental  parameters. 

The  Hartmann-Hahn  (24)  condition  for  cross-polarization  (yJV.  *  yH  , 

n  n  C  C 

where  y  is  the  gyromagnetic  ratio  and  H  is  the  applied  magnetic  field)  was 
satisfied  with  fields  of  8.6  G  at  the  proton  frequency  and  34  G  at  the  carbon 
frequency.  The  proton  decoupling  was  8  G  for  the  reference  compounds  and 
16  G  for  the  formic  acid  adsorbed  on  the  zeolites.  To  effect  a  maximum 
magnetization  transfer,  cross-polarization  times  ranged  from  0.1  msec,  for 
the  amnonium  formate  at  295  K,  to  8.0  msec  for  calcium  formate  at  125  K. 

The  better  signal -to-noise  ratios  of  the  C  spectra  from  the  cross- 
polarization  experiment  make  it  feasible  to  perform  more  demanding  experiments 
such  as  studying  the  shape  and  Intensity  as  a  function  of  the  cross- 
polarization  time,  the  echo  time,  or  the  dipolar  evolution  time  (14).  As 
described  earlier,  the  Intensity  of  the  magnetization  as  a  function  of  the 
cross-polarization  time  is  a  measure  of  the  strength  of  the  coupling  of 
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the  33C  spins  to  the  *H  spins.  The  signal  Intensity  as  a  function  of  the 
echo  time  Is  used  to  calculate  the  transverse  relaxation  rate,  Tg. 

The  13C-*H  dipolar-modulation  experiment  (14,25)  Is  a  variation  of 
the  cross-polarization  scheme,  such  that  Inmedlately  after  the  13C  spin¬ 
locking  pulse,  a  series  of  eight-pulse  cycles  (26)  are  applied  to  decouple 

13  l 

the  proton  homonuclear  Interaction  while  allowing  the  C-  H  coupling  to 

remain  although  it  Is  decreased  by  a  scaling  factor  of  about  0.6. 

Inmediately  after  the  eight-pulse  cycles,  the  *H  decoupling  pulse  is  turned 

on,  which  conversely  decouples  the  *3C-*H  Interaction  but  not  the  3H-*H 

coupling.  For  13C-*H  systems  with  very  weak  or  no  couplings,  the  dipolar- 

nodulated  spectra  will  be  similar  to  the  cross-polarization  spectra.  However, 

for  stronger  *3C-*H  couplings,  the  13C  magnetization  will  oscillate  during 

13  l 

the  eight-pulse  sequence  at  a  frequency  proportional  to  the  C-  H 

13 

coupling.  Thus,  the  extent  of  the  modulation  of  the  C  magnetization 

observed  after  echo  as  a  function  of  the  duration  of  the  dipolar-modulation 

sequence  is  determined  by  the  strength  of  the  *3C-3H  coupling.  With  this 

technique  it  is  possible  In  some  cases  to  orient  the  chemical  shift 

principal  axis  system  in  the  molecular  coordinate  system  by  the  rate  of 

modulation  of  different  portions  of  the  C  powder  pattern  (14,25).  Also, 

13 

the  area  of  the  C  spectrum  will  oscillate  at  a  frequency  proportional 
13  1 

to  the  average  C-  H  coupling  In  the  sample,  thus  allowing  one  to  calculate 
13  1 

the  average  C-  H  bond  lengths. 

The  Isolated  *H  chemical  shift  spectrum  of  the  carbonyl  hydrogen  of 
the  absorbed  formic  acid  may  be  observed  with  the  dipolar-difference 
experiment  (15).  In  the  dipolar-difference  experiment,  the  homonuclear- 
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decoupled  lH  spectrum  Is  observed  alternately  In  two  environments:  first, 
using  the  eight-pulse  cycle  (26)  to  remove  the  *H-*H  Interactions,  and 
second,  simultaneously  Irradiating  the  proton  spins  with  the  eight-pulse 
cycle  while  Irradiating  the  *3C  nuclei  to  remove  the  heteronuclear  dipolar 
coupling  to  the  protons  (27).  Thus,  the  first  cycle  will  yield  chemical 
shift  spectra  from  all  protons  except  those  directly  bonded  to  *3C  nuclei, 
which  will  be  dipolar  broadened  Into  the  baseline.  In  the  second  cycle, 
this  heteronuclear  dipolar  broadening  Is  removed  and  all  the  protons  are 
observed.  Alternately  adding  and  subtracting  these  two  signals  yields 
only  the  spectrum  of  the  protons  directly  bonded  to  the  13C  nuclei. 

The  lines  through  the  spectra  were  obtained  by  a  nonlinear  least- 
squares  fit  of  a  theoretical  chemical  shift  powder  pattern (28).  The 
spectra  of  the  reference  formates  and  the  180°-t-90°  spectra  were 
convoluted  with  a  Lorentzian  broadening  function,  whereas  the  cross¬ 
polarization  spectra  were  convoluted  with  a  Gaussian  broadening  function. 

III.  RESULTS 
13 

A.  C  NMR  Spectra  of  Formate  Compounds 

13 

The  anisotropy  and  resolution  of  the  structure  of  the  C  NMR  spectra 
of  formic  acid,  anmonium  formate,  and  calciun  formate  both  increased  as 
the  temperature  of  the  sample  was  lowered.  This  suggests  that  there  are 
molecular  motions  in  the  crystals  which  are  being  quenched  at  lower 
temperatures.  The  motions  are  probably  small  anisotropic  wagglngs  or 
rocklngs  which  cause  a  local  averaging  In  the  *3C  NMR  powder  patterns.  In 
each  case,  the  spectra  were  recorded  at  the  lowest  temperatures  experiment¬ 
ally  feasible,  restricted  by  the  limitations  of  the  equipment  and  the 


temperature  dependence  of  the  spin-lattice  relaxation  times. 

13 

The  C  NMR  spectra  of  the  reference  formates  shown  In  Figure  2 

were  obtained  by  *3C-*H  cross-polarization  and  then  observing  the  free 

Induction  decay  Immediately  after  the  13C  spin-locking  pulse,  while 

decoupling  the  protons  with  8  G.  The  principal  components  of  the  chemical 

shift  tensors  are  reported  In  Table  1.  The  features  in  the  spectrum  for 

formic  acid  at  125  K,  Figure  2(a),  suggest  three  principal  components  of 

the  chemical  shift  tensor,  but  the  data  do  not  fit  a  theoretical  powder 

pattern  llneshape.  A  least-squares  fit,  shown  by  the  solid  line, 

follows  the  upfield  component  at  -92  ppm  but  clearly  misses  the  downfield 

shoulder.  If  the  three  principal  components  are  fixed  at  the  approximate 

locations  of  the  shoulders,  the  computed  intensities  at  the  center  and 

downfield  components  are  In  error,  as  shown  by  the  dotted  line.  The 

distortion  from  the  theoretical  lineshape  is  probably  the  result  of 

13  1 

motion  as  well  as  an  angular  dependence  of  the  C-  H  cross-polarization 

rate  in  a  polycrystalline  sample.  The  spectrum  In  Figure  2(a),  obtained 

by  cross-polarizing  for  8  msec,  is  less  distorted  than  the  spectra  that 

13  1 

result  with  only  0.5  msec  of  C-  H  spin  contacting  or  at  higher 
temperatures. 

The  spectrum  for  anmonium  formate  shown  In  Figure  2(b)  Is  the 
result  of  cross-polarizing  for  0.1  msec  at  185  K.  At  about  195  K,  the 
proton  Tj's  lengthened  from  a  few  msec  to  over  10  sec,  which  indicates  that 
the  major  relaxation  process  had  halted,  probably  the  rapid  reorientation 
of  the  ammonium  Ion.  The  proton  T^'s  continue  to  Increase  at  temperatures 
below  185  K,  which  prohibited  extended  averaging. 


s 


15 


The  calcium  formate  13C  NMR  spectrum  exhibited  the  most  pronounced 
motional  effects  of  the  formates  studied.  The  apparent  chemical  shift 
anisotropy  Increases  from  about  100  ppm  at  295  K  to  136  ppm  at  125  K. 

The  spectrum  shown  In  Figure  2(c)  was  obtained  by  cross-polarizing  for 
8.0  msec  at  125  K.  A  previous  *3C  NMR  study  of  a  calcium  formate  single 
crystal  detected  two  distinct  sets  of  chemical  shift  components  for  the 
crystal! ©graphically  Inequivalent  formate  Ions  (16).  The  resolution  In 
the  powder  pattern  of  Figure  2(c)  Is  not  sufficient  to  resolve  the  two 
spectra,  which  are  separated  by  only  5,  3,  and  0  ppm  at  the  three 
principal  components. 

B.  Formic  Acid  Adsorbed  on  Zeolites 
13 

1.  C  Measurements 

13 

The  logarithm  of  the  calibrated  amplitude  of  the  observed  C 
magnetization  versus  the  delay  between  the  180°  and  90°  pulses  is  plotted 
in  Figure  3.  If  the  recovery  of  the  longitudinal  magnetization  was 
described  by  a  single  T^,  the  data  would  lie  on  a  straight  line  when 
plotted  as  In  Figure  3.  The  curves  through  these  data,  however,  can  be 
fit  with  the  sum  of  two  exponentials: 

HC00H  on  NH4-Y:  M(-r)  «  8.8  x  JO19  (0.35e“T/2*6  ♦  0,65e’T/82)  (1) 

HC00H  on  ultrastable  H-Y:  M(t)  ■  5.2  x  1019(0.25e  ♦  0.75e  )  (2) 

where  t  Is  In  msec.  Thus,  this  suggests  that  of  the  8.8  x  1039  13C  nuclei 
on  the  NH^-Y  zeolite,  35%  relax  with  an  average  Tj  of  about  2.6  msec  and 
65%  relax  with  an  average  Tj  of  82  msec.  On  the  ultrastable  H-Y  zeolite, 
the  5.2  x  1019  33C  nuclei  detected  are  distributed  as  25%  which  relax 
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with  an  average  Tj  of  4.4  msec  and  75 S  with  an  average  of  71  msec. 

The  centers  of  mass  and  the  llnewldths  did  not  change  significantly  as 
t  was  lengthened.  However,  the  extremely  weak  signals  for  long  t  values 
caused  large  experimental  error  limits,  as  much  as  20  ppm  for  delays 
longer  than  10  msec. 

13 

The  llneshapes  for  two  representative  C  NMR  spectra  resulting 
from  the  180°-x-90°  sequence  for  formic  acid  adsorbed  on  the  NH^-Y  and 
the  ultrastable  H-Y  zeolites  at  295  K  are  shown  In  Figure  4.  These 
lineshapes  are  for  short  delays,  x*0.5  msec,  thus  the  two  Tj  groups 
are  overlapped  In  each  spectrum.  Although  the  linewidths  are  comparable 
to  those  of  the  reference  formates,  the  spectral  structures  at  the 

principal  components  of  the  chemical  shift  tensor  are  not  as  well  resolved. 

13 

The  centers  of  mass  of  the  C  lineshapes  of  the  adsorbed  formic  acid  are 
-164  ppm  and  -165  ppm,  relative  to  TMS,  for  the  NH^-Y  and  the  ultrastable 
H-Y  substrates,  respectively.  This  Is  within  experimental  error  of  pure 
formic  acid:  -163  ppm.  Although  these  lines  were  fit  with  the  same 
chemical  shift  regression  analysis  applied  to  the  reference  formates,  the 
computed  components  are  not  as  well  defined  and  thus  are  rather  ambiguous. 
The  llneshape  analysis  data  are  reported  in  Table  2. 

The  quantitative  data  of  the  180°-t-90°  experiment  do  not  account 
for  all  of  the  C  originally  deposited  on  the  zeolites.  The  magnetization 
extrapolated  to  x  ■  0  accounts  for  only  89%  and  51%  of  the  formic  acid 
on  the  NH^-Y  and  the  ultrastable  H-Y  zeolites,  respectively.  A  portion 
of  the  spins  (less  than  about  3%)  may  be  undetectable  because  the  formate 
molecules  are  adsorbed  within  a  critical  radius  of  a  paramagnetic  Impurity 
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(•bout  7  jt).  The  NMR  signal  from  these  species  Is  extremely  broad  and 
would  not  be  observed  (35).  The  Tj  data  and  the  spectra  In  Figure  4  were 
obtained  after  the  zeolites  had  been  loaded  with  the  formic  acid  and 
stored  at  273  K  for  four  weeks.  Figure  5  shows  the  spectra  obtained  for 
the  ultrastable  H-Y  sample  after  an  additional  seven  months  at  273  K.  The 
Intensity  of  the  broad  line  centered  at  -165  ppm  has  significantly 
decreased  and  there  Is  a  sharp  feature  at  -180  ppm.  This  sharp  line 
remains  even  when  the  proton  decoupling  is  not  applied.  Indicating  that 
for  this  species,  the  coupling  to  the  protons  Is  less  than  Its  llnewidth, 
150  Hz.  Since  the  Isotropic  chemical  shift  of  pure  CO  Is  -181  ppm  (34) 
and  CO  is  the  principal  reaction  product  for  formic  acid  on  these 
zeolites,  we  attribute  the  sharp  peak  to  physically  adsorbed  CO.  Thus, 
at  the  time  of  the  T^  measurement,  the  formic  acid  had  partially  reacted 
to  CO,  which  desorbed  Into  the  dead  volume  above  the  NMR  sample,  resulting 
In  a  reduced  13C  spin  count. 

2.  Cross-polarization  Experiments 
The  13C  NMR  signal  intensity  of  the  adsorbed  formic  acid  as  a 
function  of  the  cross-polarization  time  Is  shown  in  Figure  6.  The  maximum 
magnetization  for  both  zeolite  samples  was  attained  at  approximately  0.6 
msec.  These  data  were  also  measured  when  the  samples  were  four  weeks 

« 

old,  the  same  time  as  the  Tj  data  In  Figure  3.  However,  the  signal  from 
the  ultrastable  H-Y  sample  Is  greater  than  the  signal  from  the  NH^-Y 

sample,  although  It  was  a  factor  of  1.7  less  In  the  180°-t-90°  experiment. 

13  1 

In  general,  the  maximum  obtainable  signal  enhancement  for  the  C-  H 
cross-polarization  Is  a  factor  of  4,  provided  that  there  Is  an  Infinite 
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proton  spin  bath  relative  to  the  *3C  spins  and  the  *3C  and  *H  T^'s  are 
long  compared  to  the  time  constant  of  the  heteronuclear  Interaction,  T^. 

The  ratios  of  the  heat  capacities  of  the  *H  and  33C  baths  are  120:1  and 
30:1  for  the  NH^-Y  and  ultrastable  H-Y  zeolites,  respectively,  sufficient 
to  approximate  an  infinite  bath  of  *H  spins.  The  maximun  enhancements 
measured  for  the  adsorbed  formic  acid  are  factors  of  1.9  and  3.2  for  the 
formic  acid  adsorbed  on  the  NH^-Y  and  ultrastable  H-Y  samples,  respectively. 
Thus,  the  ultrastable  H-Y  sample  has  an  effective  13C-1H  magnetization 
transfer,  but  the  NH^-Y  sample  Is  considerably  below  the  theoretical 
maximum. 


The  data  in  Figure  6  may  be  interpreted  with  the  following  thermo- 
dynamic  model.  The  C  magnetization  increases  via  transfer  of  magnetiza¬ 
tion  from  the  spins.  The  rate  of  transfer  is  proportional  to  the 

difference  in  the  spin- temperature  between  the  two  baths  and  is  determined 

-1  13 

by  the  rate  constant  TIS.  The  C  magnetization  decays  by  two  processes: 
directly,  by  relaxation  with  the  lattice,  and  indirectly,  by  transfer  of 
magnetization  back  to  the  proton  bath  which,  in  turn,  is  directly  relaxing 
with  the  lattice.  Solving  the  coupled  differential  equations  for  the  rate 


of  change  of  the  magnetization  of  the  two  spin  systems  and  taking  the  limit 
of  an  Infinite  *H  bath  relative  to  the  *3C  bath  yields  equation  (3). 


[,'t»P/Tl"  .  (,'VT1S)  (,’VTlcj)  (3) 

Thus,  the  observed  13C  magnetization,  H  ,  a  function  of  the  cross- 
polarization  time,  txp,  grows  exponentially  with  rate  constant  (Tjj  ♦  Tj£) 
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and  then  decreases  exponentially  with  rate  constant  Tjj}.  The  maximum 

enhancement  of  the  magnetization  relative  to  MQ  is  determined  by  the  product 

of  three  prefactors:  a  term  containing  the  three  rate  constants  (which  Is 

about  1.0),  the  ratio  of  the  gyromagnetlc  ratios  yh/yc  (which  Is  4.0), 

and  an  arbitrary  normalization  factor,  a  .  In  general,  o*D  is  the 

fraction  of  the  13C  nuclei  susceptable  to  the  cross-polarization  process 

before  the  magnetizations  decay  In  the  respective  holding  fields.  The 

physical  Interpretation  of  the  factor  will  be  discussed  later.  T^c  and 

T1H,  the  relaxation  times  in  the  respective  holding  fields,  are  determined 

experimentally.  The  data  for  formic  acid  on  the  NH^-Y  zeolite  in  Figure  6 

are  fit  with  TjS  *  0.23  msec,  T^H  *  5.6  msec,  and  T  ^  *  3.0  msec.  The 

formic  acid  on  the  ultrastable  H-Y  sample  is  characterized  by  a  shorter 

13  1 

TjS,  0.16  msec,  indicating  a  stronger  C-  H  coupling,  T1H  *  16  msec  and 
T1C  *  5.0  msec.  These  values  of  TJS  are  similar  to  those  of  the  reference 
formates.  The  lines  are  relatively  insensitive  to  the  value  of  T^.  The 
°xp  'fract'5ons  are  °-52  and  0.83  for  the  NH^-Y  and  ultrastable  H-Y  samples, 
respectively. 

Typical  spectra  obtained  by  observing  the  proton-decoupled  free- 
Induction  decays  inmediately  after  the  13C  holding  pulses  are  shown  in 
Figure  7.  Although  the  signal-to-noise  ratio  is  considerably  better  than 
that  of  the  180°-r-90°  experiment,  the  chemical  shift  components  are  again 
not  resolved.  Compared  to  the  spectra  from  the  180°-t-90°  experiment,  the 
llneshapes  from  the  cross-polarization  experiments  are  about  25%  and  7% 
broader  for  the  NH^-Y  and  the  ultrastable  H-Y  samples,  respectively.  The 
broader  spectra  are  the  result  of  the  cross-polarization  process  emphasizing 


the  signal  from  adsorbed  species  with  broader  llneshapes.  In  general,  the 
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more  stationary  *3C  nuclei  Mill  have  stronger  *3C-*H  couplings  and  thus 
Mill  be  enhanced  more.  The  Intemuclear  cross-polarization  process  for 
rapidly  reorienting  *3C-3H  systems  Mill  be  Ineffective  and  these  *3C  nuclei 
Mill  be  polarized  only  through  *3C-*3C  homonuclear  transfers  or  intramolecular 
*3C-*H  couplings.  Such  processes  Mould  require  about  5  to  10  msec  of  cross¬ 
polarization,  as  Is  necessary  for  the  rapidly  tunbling  adamantane 
molecules  at  295  K.  For  the  adsorbed  formic  acid  molecules,  such  long 
transfers  are  not  possible  since  the  magnetization  In  the  holding  fields 
decays  before  the  process  would  be  complete.  Thus,  the  lineshapes  in 
Figure  7  are  primarily  due  to  adsorbed  formic  acid  molecules  with  nearly 
rigid  13C-JH  bond  systems. 

The  spectrun  from  the  NH^-Y  sample  broadens  the  most  compared  to  the 
180°-t-90°  spectrum,  indicating  that  it  contains  a  larger  percentage  of 
reorienting  adsorbed  species.  The  ultrastable  H-Y  sample  has  a  much 
smaller  change  in  linewidth.  This  is  consistent  with  the  enhancement 
factor  of  3.2  which  suggests  that  a  larger  percentage  of  the  formic  acid 
on  the  ultrastable  H-Y  sample  is  rigidly  bonded  to  the  substrate. 

The  center  of  mass  frequencies  of  the  cross-polarized  spectra  at  295  K 
are  17  and  15  ppm  upfield  from  the  180°-t-90°  spectra  for  the  NH^-Y  and 
the  ultrastable  H-Y  zeolites,  respectively.  This  also  indicates  that  the 
cross-polarization  technique  Is  emphasizing  a  specific  subgroup  of  the  total 
llneshape.  The  isotropic  frequencies  on  both  samples  at  295  K  do  not 
change  as  a  function  of  the  cross-polarization  time  for  the  range  reported 
In  Figure  6. 

The  cross-polarization  spectra  broaden  and  the  isotropic  frequencies 
move  almost  back  to  that  of  the  180°-t-90°  spectra  as  the  temperature  Is 
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lowered,  as  seen  In  Figure  7.  In  addition,  the  general  shapes  of  the 
spectra  change,  which  Is  best  visualized  for  the  formic  acid  adsorbed  on 
the  NH^-Y  zeolite.  The  frequency  at  which  the  maximum  Intensity  occurs 
shifts  from  the  downfleld  side  (l.e.,  the  more  negative  side)  of  the  Isotropic 
frequency  to  the  upfleld  side  as  the  temperature  Is  decreased.  Spectra  were 
measured  at  several  Intermediate  temperatures,  and  It  was  observed  that  this 
shift  Is  a  gradual  process.  The  llneshape  parameters  for  the  spectra  In 
Figure  7  are  given  in  Table  2. 

The  logarithm  of  the  spectral  area  as  a  function  of  the  delay  from 
the  end  of  the  *3C  cross-polarization  holding  pulse  to  the  echo  for  the 
formic  acid  adsorbed  on  the  zeolites  at  295  K  is  plotted  in  Figure  8.  For 
each  zeolite  sample,  the  data  decay  with  a  single  transverse  relaxation  time, 
T2-  The  values  of  T^  are  2.5  and  3.1  msec  for  the  formic  acid  adsorbed  on 
the  NH^-Y  and  the  ultrastable  H-Y  zeolites,  respectively.  The  center 
of  mass  frequencies  and  the  linewidths  of  the  spectra  do  not  vary, 
within  experimental  limits,  as  a  function  of  the  echo  time. 

3.  Dipolar-Modulation  Experiments 

The  heteronuclear  dipolar-modulation  experiments  were  preformed  on 
the  formic  acid  adsorbed  on  the  NH^-Y  zeolite  at  both  295  K  and  125  K.  The 
13C  magnetization  was  first  prepared  by  cross-polarization  for  1.0  msec. 

Recall  from  previous  results  that  the  cross-polarization  process  will 
enhance  selectively  the  more  rigidly  adsorbed  formic  acid  molecules.  The 
NMR  signal  was  observed  as  an  echo  1.2  msec  after  the  end  of  the  13C  spin- 

4  13 

locking  pulse.  Since  the  C  NMR  spectra  fromthe  previous  experiments  do 


22 


not  have  well-resolved  structure  at  the  principal  chemical  shift  components. 

It  Is  not  possible  to  assign  the  modulations  In  the  llneshapes  to  distinct 

molecular  orientations  as  was  previously  done  with  benzene  and  calcium 

formate  (14,25).  However,  the  varfatlon  of  the  spectral  area  as  a  function 

of  the  number  of  *H  eight-pulse  cycles  (the  dipolar-modulation  time, 

see  Figure  1)  yields  an  average  dipolar  Interaction  and, thus.  Information 
13  1 

on  the  average  C-  H  bond  length  and  the  extent  of  motional  averaging  (14). 
The  spectral  areas  versus  the  dipolar-modulation  time  are  shown  In  Figure  9. 
The  spectral  area  of  the  adsorbed  formic  acid  Initially  decreases  at  a 
rate  comparable  to  that  of  calcium  formate.  Also  note  that  the  areas  of 
the  13C  WtR  spectra  of  calcium  formate  and  benzene  exhibit  a  damped 
oscillation  about  zero  as  predicted,  but  the  spectral  areas  of  adsorbed 
formic  acid  remain  positive  and  do  not  oscillate. 

4.  Dipolar-Difference  Experiment 

The  dehydration  of  formic  acid  requires  necessarily  the  cleavage  of 
the  carbon-hydrogen  bond.  Thus,  the  ionic  character  of  the  carbonyl 
hydrogen  attached  to  the  adsorbed  formate  species,  relative  to  formic 
acid.  Is  of  interest  In  the  decomposition  reaction.  The  average  electron 
distribution  of  the  hydrogen  atom  may  be  determined  by  measuring  its 
chemical  shift  properties. 

The  Hnewldth  of  the  homonucl ear-decoupled  *H  NMR  spectrun  of  the 
MH^-Y  zeolite  at  295  K  Is  about  26  ppm,  as  measured  by  the  eight-pulse  cycle. 
This  broad  Gaussian  line  Is  the  sun  of  spectra  from  the  hydrogens  of  the 
ammonium  Ions,  the  crystalline  water,  and  the  hydrogen  bonded  to  the 
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carbon  of  the  adsorbed  formic  acid.  The  dipolar-difference  experiment 
eliminates  the  extraneous  hydrogen  signals  and  observes  only  the 
spectrum  of  the  carbonyl  hydrogen,  approximately  3X  of  the  total  spectral 
intensity. 

The  *H  NMR  spectrun  of  the  carbonyl  hydrogen  measured  by  the  dipolar- 

difference  experiment  at  295  K  for  the  formic  acid  adsorbed  on  the  NH^-Y 

13 

zeolite  Is  shown  In  Figure  10.  It  Is  similar  to  the  C  NMR  spectra  in 
that  It  lacks  any  sharp  structure  but.  In  contrast.  Is  much  narrower,  only 
6.0  ppm  wide  at  half-maximum  intensity.  The  center  of  mass  frequency  for 
the  spectrum  Is  at  about  -12.3  ppm,  relative  to  TMS.  Though  this 
experiment  may  not  be  calibrated  a  priori  for  an  unknown  system,  the 
spectrum  intensity  indicates  that  the  number  of  hydrogen  species  is  on 
the  order  of  the  nunber  of  formate  species. 

IV.  DISCUSSION 

A.  The  Nature  of  the  Adsorption  of  Formic  Acid 

A  previous  Infrared  study  of  the  adsorption  of  formic  acid  on  the 
NH^-Y  and  ultrastable  H-Y  zeolites  concluded  that  the  acid  was  chemically 
adsorbed  on  the  surfaces  (1).  Although  the  Infrared  spectra  contained  bands 
often  attributed  to  physically  adsorbed  formic  acid  (36,37),  there  was  no 
evidence  of  OH  bending  modes,  and  the  adsorption  Isotherm  indicated  that 
the  submonolayer  was  chemisorbed.  The  positions  of  the  Infrared  bands  were 
Interpreted  to  be  formic  acid  adsorbed  as  uni dentate  groups.  As  will  be 
shown,  the  NMR  data  confirm  that  the  formic  acid  Is  chemically  adsorbed 
on  both  zeolites. 
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The  C  NMR  linewldths  of  the  adsorbed  formic  acid  are  comparable  to 
that  of  the  solid  reference  formates.  In  general,  the  llnewldth  of  the 
MIR  spectrin  of  an  adsorbed  species  may  be  the  result  of  a  number  of 
Interactions  including  paramagnetic  broadening,  heteronuclear  dipolar 
broadening  (from  nuclei  other  than  *H),  spatial  susceptibility  Inhomogeneities 
and  chemical  shift  anisotropy.  These  Interactions  have  been  discussed  at 
length  elsewhere  (5,38).  The  dipolar  Interactions  are  the  result  of  the 
molecular  surroundings,  such  as  the  framework  atoms  of  the  zeolite  super¬ 
cage.  The  chemical  shift  broadening  Is  an  Individual  effect,  determined 
by  the  electron  distribution  localized  at  the  nucleus  of  Interest. 

Of  the  possible  interactions,  all  but  the  chemical  shift  anisotropy 

can  be  eliminated  by  considering  the  spectrum  of  the  carbonyl  proton. 

13 

If  the  other  effects  were  the  major  causes  of  the  C  NMR  llnewldth,  the 
NMR  spectrum  would  also  be  subjected  to  these  effects  and  thus  would  be 
comparably  broadened.  However,  the  linewidth  of  the  *H  line  is  only  6  ppm, 
which  places  an  approximate  upper  limit  on  the  residual  broadening  of  the 
13C  NMR  spectra. 

13 

Thus,  the  widths  of  the  C  spectra  are  due  primarily  to  chemical 
shift  anisotropy.  Such  anisotropies  are  observed  only  In  chemically  adsorbed 
states.  (However,  there  may  still  exist  local  motions  at  a  site,  as  will  be 
discussed  later.)  If  a  portion  of  the  formic  acid  was  physically  adsorbed 
on  the  zeolite,  the  *3C  NMR  line  would  contain  an  extremely  narrowed 
component,  as  was  observed  for  the  CO  decomposition  product  In  Figure  5.  Thus, 
all  of  the  formic  acid  on  the  NH^-Y  and  ultrastable  H-Y  zeolites  Is  chemically 
adsorbed. 


B.  Spin-lattice  Relaxation  Times  ef  Adsorbed  Formic  Acid 

In  many  solids,  particularly  for  spin  systems,  the  homonuclear 
spin-spin  coupling  Is  much  stronger  than  the  spin-lattice  coupling.  Thus, 
the  macroscopic  magnetization  decays  uniformly  and  exponentially  with  time 
constant  Tj.  However,  In  dilute  spin  systems,  the  Intemuclear  coupling 
Is  weak  and  each  spin  relaxes  Independently.  For  a  homogeneous  dilute 
system,  the  spins  may  still  have  a  single  Tj  since  the  spins  are  relaxing 
independently,  but  Identically.  However,  if  each  spin  should  relax 
differently  because  of  different  local  environments  (e.g.,  paramagnetic 
impurities  or  nearby  heteronuclear  spins)  or  different  motional  properties, 
there  would  be  a  distribution  of  relaxation  times  In  the  sample.  Such  Tj 
distributions  are  present  In  solid  CgHgCF3  because  of  an  angular  dependence 
of  the  heteronuclear  coupling  (39)  and  in  CO  on  Rh  on  A1203  due  to 

adsorption  site  heterogenity  (8). 

13 

The  C  Tj  data  of  the  formic  acid  adsorbed  on  the  zeolites  may  be 
interpreted  by  assuming  that  the  formic  acid  has  adsorbed  In  two  states,  each 
described  by  a  different  Tj.  The  relative  proportions  of  the  two  states 
are  given  by  the  pre-exponential  factors  In  equations  (1)  and  (2).  Both 
Tj's  on  either  zeolite  are  extremely  short  and  are  typical  of  relaxation 
by  a  paramagnetic  center.  This  Is  to  be  expected  with  the  high  Fe**  and 
Mn  content  of  the  samples.  It  Is  possible  that  the  two  Tj  groups  represent 
chemically  different  formate  species  on  the  surface  or  that  the  Tj 
distribution  Is  the  result  of  an  Inhomogeneous  distribution  of  separations 
between  the  nuclei  and  the  paramagnetic  centers.  The  change  in 


distributions  between  the  short  and  long  Tj's  from  the  HH^-Y  to  the 
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ultrastable  H-Y  samples  (35:65  to  25:75)  may  be  rationalized  with  either 
model.  The  Infrared  data  suggest  that  the  ultrastable  H-Y  zeolite  contains 
a  greater  percentage  of  formate  Ions  than  the  NH^-Y  sample  (1).  In  this 
model,  the  longer  Tj  group  would  be  assigned  to  the  formate  Ion  and  the 
shorter  group  to  the  uni dentate  structure.  On  the  other  hand,  the 
transformation  of  the  NH^-Y  zeolite  to  the  ultrastable  H-Y  zeolite  could 
have  redistributed  the  paramagnetic  centers  and  thus  changed  the 
distribution  of  Tj's. 

The  spectra  from  the  T^  experiment  associated  with  the  data  points 
In  Figure  3  did  not  change  In  width  or  Isotropic  frequency  as  t  was 
Increased.  However,  the  slgnal-to-noise  ratios  for  the  spectra  with  t 
longer  than  about  10  msec  became  quite  poor.  Thus,  If  any  subtle  change 

in  either  quantity  did  occur,  it  would  be  difficult  to  detect.  Recall 

that  the  isotropic  chemical  shifts  for  the  entire  range  of  formates  do 

not  vary  more  than  about  8  ppm.  Thus,  although  the  Tj  data  suggest  a 

heterogeneity  of  surface  states,  it  cannot  be  determined  if  the  sites 
with  different  T^'s  are  chemically  distinct. 

C.  Cross-polarization  Experiments 

The  cross-polarization  experiments  also  indicate  that  the  formic  acid 
Is  Inhomogeneously  adsorbed  on  the  zeolites  although  in  this  case  the 
basis  for  the  differences  may  be  unambiguously  determined.  The  molecules 
are  differentiated  by  the  rate  In  which  they  cross-pol arize,  that  Is, 
by  the  strength  of  the  dipolar  coupling.  The  spectra  shown  In  Figure  7(a) 
and  7(c),  observed  after  1.0  msec  of  cross-polarization  at  295  K,  contain 
primarily  contributions  from  only  those  *^C-*H  systems  with  semi-rigid 
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Internuclear  bonds.  Those  systems  averaged  by  reorientations  faster  than 
the  heteronuclear  coupling  (about  5  KHz)  would  require  more  than  5  msec  to 
complete  an  Intramolecular  cross-polarization. 

13 

On  the  ultrastable  H-Y  zeolite,  the  Intensity  of  cross-polarized  *T 
NMR  signal  was  a  factor  of  3.2  greater  than  the  signal  from  the  180°-t-90° 
experiment.  The  NH^-Y  sample  was  enhanced  by  only  a  factor  of  1.9.  These 
data  may  be  Interpreted  by  assailing  that  the  surface  contains  two  types 
of  species:  those  that  may  be  enhanced  by  the  cross-polarization  process 
by  the  theoretical  maximum  (a  factor  of  4)  and  those  that  are  not  cross- 
polarized  In  1.0  msec.  For  the  ultrastable  H-Y  sample,  this  assumption 
is  probably  realistic  since  the  Infrared  spectrum  of  the  adsorbed  formic 
acid  suggests  that  there  are  only  two  types  of  surface  structures  (1). 
However,  the  formic  acid  on  the  NH^-Y  zeolite  exists  in  several  different 
states,  which  probably  have  a  distribution  of  heteronuclear  dipolar  couplings 
and  thus  the  assumption  is  a  more  arbitrary  distinction  (1).  With  this 
assumption,  the  intensities  of  the  cross-polarization  spectra  indicate 
that  the  distribution  between  the  two  groups  is  52:48  on  the  NH^-Y  zeolite 
and  83:17  on  the  ultrastable  H-Y  zeolite.  In  order  to  interpret  the  two 
types  of  species,  the  chemical  shift  data  must  be  considered. 

D.  The  Relation  of  Chemical  Shift  Data  to  Formate  Structures 

The  formate  group  bonds  In  a  range  of  configurations  from  the  ester¬ 
like  unidentate  compounds  (species  I)  covalently  bonded  through  a  single 
oxygen  atom,  to  the  bl dentate  structure  where  the  formate  Ion  Is  chelated 
•bout  one  or  more  metal  Ions  (species  II  and  III).  The  structural 
parameters  of  a  few  compounds  are  listed  In  Table  IB.  One  Index  of  the 


bonding  of  the  formate  group  is  the  ratio  of  the  two  carbon-oxygen  bond 
lengths.  This  ratio  ranges  from  1.12  for  methyl  formate  to  about  1.00 
for  cal  cion  formate. 

The  chemical  shift  information  for  these  formate  compounds  Is 
presented  In  Table  1A.  The  isotropic  chemical  shifts  of  the  compounds, 
d,  does  not  correlate  with  the  geometry  of  the  formate  group.  This  was 
first  observed  by  Ackerman,  et  al_.  in  a  study  of  the  two  crystal lographically 
distinct  forms  of  calcium  formate  (16).  The  overall  anisotropy,  o33  -  o^, 
tends  to  decrease  as  l^/Rj  decreases,  but  the  scatter  in  the  correlation  is 
extremely  large.  There  Is,  however,  a  very  good  correlation  between  the 
position  of  the  central  principal  component,  a22.  and  the  ratio  of  the 
carbon-oxygen  bond  lengths.  As  the  bond  lengths  become  more  symmetric, 
o22  moves  from  the  upfield  side  of  the  powder  pattern  to  the  downfield  side. 
This  is  reflected  in  the  ratio  of  the  difference  between  the  upfield 
component  and  the  central  component,  o22  -  o^,  to  the  overall  anisotropy, 

°33  *  °ir  This  rat1°  ranges  from  0.20  for  methyl  formate  (R2/Rj  s  1.12) 
to  0.66  for  calcium  formate  (R2/Rj  a  1.00).  Thus,  in  general,  for 
bidentate  formate  ions  (o22  -  CTi 2 ^^°33  ’  °11^  *s  on  the  order 
and  for  ester-like  formate  groups  the  ratio  Is  closer  to  0.3.  As  this 
correlation  is  based  on  relatively  few  data  points,  the  relation  between 
these  two  parameters  does  not  permit  a  reliable  calculation  of  the  R^Rj 
from  the  chemical  shift  components,  only  the  general  trend. 

E.  The  Molecular  Structure  of  the  Adsorbed  Formic  Acid 

The  relation  between  the  chemical  shift  components  and  the 
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symmetry  of  the  formate  group  may  be  used  to  determine  the  state  of  the 
adsorbed  formic  acid.  The  chemical  shift  components  are  meaningful  only 
In  13C  powder  patterns  without  appreciable  motional  averaging.  The  spectra 
from  the  180°-t-90°  experiment  at  295  K,  which  contain  motional ly  averaged 
contributions,  are  not  applicable.  However,  the  cross-polarization  experiment 
observes  selectively  the  more  rigid  species  for  short  cross-polarization 
times,  l.e.,  about  1.0  msec.  Thus,  the  rigid  components  of  the  180°-t-90° 
spectra  at  295  K  In  Figure  4,  Isolated  by  the  cross-polarization  technique, 
are  shown  In  Figure  7.  The  values  of  the  ratio  ( o ^  “  0n)/(°33  "  °n^ 
for  the  cross-polarized  spectra  at  295  K  for  the  formic  acid  adsorbed  on 
the  NH^-Y  and  ultrastable  H-Y  zeolites  are  0.69  and  0.58,  respectively. 

These  relatively  high  values  of  this  ratio  argue  that  this  species  Is 
a  semi-rigidly  bonded  formate  Ion,  with  approximately  symmetric  carbon- 
oxygen  bond  lengths.  Furthermore,  the  degree  of  enhancement  of  the  cross¬ 
polarization  technique,  discussed  earlier,  Indicates  that  the  formate  ion 
species  comprises  52%  and  83%  of  the  formic  acid  adsorbed  on  the  NH^-Y 
and  ultrastable  H-Y  zeolites,  respectively. 

When  the  cross-polarization  experiment  Is  repeated  at  reduced 
temperatures,  the  central  component  of  the  powder  patterns  shifts  from  the 
downfleld  side  to  the  upfleld  side,  as  mentioned  earlier.  Thus,  the  ratio 
(o22  •  °n)/{°33  *  changes  from  0.69  to  0.41  on  the  NH^-Y  sample 
and  from  0.58  to  0.33  on  the  ultrastable  H-Y  sample.  These  transitions 
may  be  attributed  In  part  to  a  quenching  of  the  motions  responsible  for 
the  averaging  of  the  other  species  at  room  temperature.  If  the  motional ly 
averaged  group  had  a  (022  •  °n)/(°33  *  ratio  on  the  order  of  the 
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unidentate  formate  groups,  about  0.20,  the  Incorporation  of  this  species 
Into  the  powder  pattern  would  lower  the  average  ratio.  However,  on  both 
samples  the  added  contributions  from  this  species  do  not  account  for  the 
large  decreases  In  the  ratios.  For  example.  If  831  of  the  formic  acid 
on  the  ultrastable  H-Y  zeolite  Is  adsorbed  as  formate  Ions,  the  contribution 
from  the  remaining  171  Is  not  sufficient  to  cause  (o£2  *  Ojj  )/(°33  *  On) 
to  decrease  from  0.58  to  0.33.  One  Interpretation  of  the  large  change  Is 
that  upon  cooling  to  temperatures  below  150  K,  some  of  the  surface  formate 
structures  convert  from  lonlcly  bound  bldentate  groups  to  unidentate 
structures.  This  Interpretation  Is  supported  by  the  fact  that  upon  cooling,  the 
isotropic  chemical  shift  does  not  return  to  the  value  measured  by  the 
180°- t- 90°  experiment.  However,  because  of  the  lack  of  pronounced 
features  in  the  powder  patterns,  the  fitted  chemical  shift  components  may 
be  somewhat  arbitrary,  that  is,  changing  any  of  the  components  by  101  will 
not  cause  a  large  change  In  the  error  of  the  fitted  spectrum.  Thus, 
there  may  be  errors  as  great  as  101  in  the  computed  ratios  and  the 
incorporation  of  the  unidentate  species  may  actually  be  sufficient  to 
explain  the  shifts. 

Regardless  of  the  exact  ratios,  there  Is  a  definite  change  in  the 
symmetries  of  the  cross-polarization  spectra  upon  cooling  from  295  K  to 
below  150  K.  This  transition  Is  probably  due  to  the  addition  of  the 
unidentate  groups  which  have  become  more  rigid  at  the  lower  temperatures. 

There  may  also  be  some  conversion  of  bldentate  Ions  to  unidentate  groups 
although  this  Interpretation  will  require  further  study. 
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The  assignment  of  the  cross-polarization  data  to  unldentate  and 
bldentate  structures  on  the  surface  Is  In  agreement  with  the  results  of 
an  Infrared  study  (1).  The  approximate  distributions  between  the  two 
groups  (52:48  on  the  NH^-Y  zeolite  and  83:17  on  the  ultrastable  H-Y 
zeolite)  also  agree  with  the  qualitative  distributions  based  on  the  relative 
Intensities  of  the  Infrared  spectra  peaks. 

F.  The  Nature  of  the  Bi dentate  Formate  Ion  Surface  Species 

As  discussed  in  the  Introduction,  the  ultrastable  H-Y  zeolite  is 

catalytically  more  active  than  the  NH^-Y  zeolite.  The  Infrared  spectra 

and  the  NMR  data  indicate  that  there  is  an  Increased  percentage  of  the 

formate  ions  on  the  ultrastable  H-Y  surface.  Thus,  If  the  direct 

decomposition  of  the  formate  ion  is  the  rate-determining  step  in  the 

dehydration  reaction  to  CO  and  HgO  (2),  the  structure  of  the  adsorbed 

state  is  of  Interest.  By  Isolating  the  13C  NMR  signal  of  the  formate 

ion  with  the  cross-polarization  process  at  295  K,  it  is  possible  to  determine 

13  1 

the  adsorption  site,  the  C-  H  bond  characteristics,  and  the  ionic 

character  of  the  carbonyl  hydrogen. 

In  the  presence  of  proton-decoupling,  the  main  sources  of  broadening 

of  the  13C  NMR  spectra  are  chemical  Inhomogeneity  of  the  species, 

librational  motion,  lifetime  broadening,  and  dipolar  broadening  from  the 
27 

A1.  The  full  widths  at  half-maximum  of  the  Gaussian  broadening  functions 
convoluted  with  the  chemical  shift  powder  pattern  of  the  cross-polarization 
spectra  at  295  K,  spectra  7(a)  and  7(b),  are  124  and  142  ppm  for  the 

NH^-Y  and  ultrastable  H-Y  samples,  respectively.  The  second  moments  for 

9  9 

these  broadening  functions  are  0.67  G  and  0.88  6  ,  respectively.  The 
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contributions  due  to  chemical  Inhomogeneltles  and  llbratlonal  notions  are 

estimated  from  the  broadening  In  the  reference  formates,  which  Is  about 

2  2 

0.08  G  .  The  lifetime  broadenlngs,  computed  from  the  Tg's,  are  0.14  G 

2 

for  the  NH^-Y  and  0.09  G  for  the  ultrastable  H-Y  samples.  The  remainder 

13  27 

of  the  broadening  Is  attributed  to  the  C-  A1  dipolar  Interaction.  The 
second  moment  of  this  Interaction  may  be  calculated  fromtheVan  Vleck  equation 
for  heteronuclear  broadening  shown  below  (40). 
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In  equation  4,  the  second  moment  of  the  C  spectrum  due  to  Al  is 

27  3  -1  -1 

determined  by  the  gyromagnetic  ratio  of  Al,  6.97  x  10  rad  G  sec  ; 

fr,  1.05  x  10"3  G2X3  sec;  the  spin  of  the  27A1  nucleus,  S  «  5/2,  and  the 
13  27 

C-  Al  intemuclear  vector  of  length  r  at  an  angle  0  with  the  external 

13  27 

magnetic  field.  The  sum  is  over  all  C  and  Al  spins  in  the  sample, 

13 

normalized  by  N,  the  number  of  C  spins.  For  a  polycrystalline  sample, 
the  spherical  average  of  the  angular  dependence  is  4/5.  For  a  formate 

ion  bonded  to  an  Al  Ion,  the  bidentate  would  be  similar  to  the  Na,  Ca, 

and  Sr  salts,  and  the  13C-27A1  Intemuclear  distance  is  2.75  X.  With 
this  configuration,  equation  4  yields  a  second  moment  of  0.29  G2.  The  con¬ 
tribution  from  Al  atoms  In  the  surrounding  zeolite  framework,  not  directly 

bonded  to  the  formate  Ion,  Is  estimated  to  be  about  0.15  G2.  Thus,  the 

13  27  7 

C-  Al  broadening  Is  calculated  to  be  0.44  G  for  a  formate  Ion  directly 

2 

bonded  to  the  Al  atom  and  0.15  G  when  bonded  to  a  SI  atom. 

27 

However,  this  Interaction  will  Increase  If  the  Al  nuclei  are  In  a  non- 
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Zeeman  state;  that  Is*  It  Is  possible  that  large  electrostatic  field 

gradients  at  the  zeolite  surface  determine  the  orientation  of  the  quadrupolar 

27A1  rather  than  the  external  magnetic  field.  It  has  been  observed  that  for 

27 

amorphous  aluminas,  the  A1  1/2  «— ♦  -  1/2  transition  vanishes  In  samples 

2  -1 

with  BET  surface  areas  greater  than  about  100  m  g  ,  Indicating  that  the 
?7 

A1  nuclear  alignment  Is  determined  by  local  electrostatic  fields  (41).  In 

the  case  of  spin  1/2  -  spin  7/2  systems  If  the  spin  7/2  Is  In  a  non-Zeeman 

state,  the  second  moment  may  Increase  by  as  much  as  a  factor  of  1.8  (42). 

Similarly,  it  has  been  shown  that  the  non-Zeeman  state  of  A1  (spin  5/2) 

may  also  result  in  as  much  as  a  factor  of  1.8  Increase  In  the  second 
13 

moment  of  the  C  llneshape  (43).  Thus,  the  total  second  moment, 

2 

including  the  librational  contribution,  is  about  0.52  to  0.87  G  for  the 

2 

formate  ion  bonded  directly  to  the  A1  atom  and  about  0.23  to  0.35  G  for 

the  formate  ion  bonded  to  a  Si  atom.  The  second  moments  of  the  observed 

broadenings  of  the  chemical  shift  powder  patterns,  minus  the  lifetime 

2  2 

contributions  are  0.53  G  for  the  NH^-Y  sample  and  0.79  G  for  the  ultra¬ 
stable  H-Y  sample.  Thus,  the  residual  dipolar  broadening  indicates  that 
the  formate  Ion  is  bonded  to  the  A1  Ions. 

The  dipolar-modulation  data  for  the  formate  ion  in  the  NH^-Y  zeolite, 
shown  in  Figure  9,  Indicate  that  the  *3C-*H  coupling  is  similar  to  that 
of  calcium  formate.  The  Initial  decrease  of  the  spectral  area  for  both 
calcium  formate  and  the  surface  formate  Ion  Is  less  than  predicted  for 
a  bond  length  of  1.09  X,  shown  by  the  dotted  line  In  Figure  9.  The  bond 
length  In  calclun  formate  measured  by  X-ray  diffraction  Is  1.09  A.  The 
slower  decrease  in  the  oscillation  of  the  spectral  area  compared  to  the 
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tneoretical  rate  has  been  attributed  to  llbratlonal  motions  In  the  calcium 

formate  (14,25).  We  propose  that  the  adsorbed  formate  ion  intemuclear 

o 

bond  length  Is  also  1.09  A  and  Is  undergoing  motions  similar  to  those 
In  calcium  formate.  Also,  as  the  dipolar-modulation  time  Is  Increased, 
the  area  of  the  adsorbed  formic  acid  spectra  do  not  decrease  below  zero, 
contrary  to  the  data  of  calcium  formate  and  solid  benzene.  It  Is  suggested 

that  although  the  direct  *H-*H  coupling  Is  suppressed  by  the  eight-pulse 

1  27 

cycles,  the  H  nuclei  are  still  coupled  through  the  A1  nuclei.  Thus, 

1  27  1 

after  about  0.1  msec,  the  H-  Al-  H  spin  diffusion  has  destroyed  some  of 
the  phase  coherence  In  the  expel rment. 

The  dipolar-difference  experiment  selectively  observes  the  *H  bonded 
to  the  13C  nuclei  where  the  intemuclear  bond  Is  rigid.  Thus,  the  *H 
spectrum  in  Figure  10  is  the  carbonyl  proton  of  the  formate  ion  on  the 
NH^-Y  zeolite  at  295  K.  As  was  discussed  earlier,  the  Ionic  character  of 
this  proton  is  of  importance  to  dehydration  reaction  mechamisms.  The 
isotropic  chemical  shift  of  this  spectrum,  -12.3  ppm  relative  to  TMS, 
is  similar  to  that  of  formate  salts.  It  has  been  reported  previously  that 
the  equivalent  protons  In  calcium  formate  and  ammonium  formate  have  isotropic 
chemical  shifts  of  -10,9  ppm  and  -12.8  ppm,  whereas  formic  acid  Is 
further  upfield,  at  -9.2  ppm  (15).  The  downfield  shift  of  the  chemical 
shift  of  the  carbonyl  hydrogen  suggests  that  the  hydrogen  has  acquired 
a  more  acidic  nature.  Thus,  the  hydrogen  may  be  more  susceptible  to 
nucleophilic  attack,  or  It  may  more  readily  shift  to  electron-rich 


centers. 


i 
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V.  CONCLUSIONS 

The  results  of  solid  state  NMR  experiments  have  determined  that 
formic  acid  Is  chemically  adsorbed  on  the  NH^-Y  and  ultrastable  H-Y 
zeolites  In  two  states,  differentiated  by  the  strength  of  the  *3C-*H 
dipolar  coupling.  The  difference  in  heteronuclear  couplings  Is  attributed 
to  differences  In  motional  properties.  Based  on  the  symmetry  of  the 
chemical  shift  tensors,  the  more  rigidly  adsorbed  state  Is  Interpreted 
to  be  a  bldentate  formate  Ion.  The  other  surface  species  becomes 
rigid  at  temperatures  below  150  K.  Changes  In  the  chemical  shift  tensor 
upon  cooling  Indicate  that  this  other  species  Is  a  unidentate  formate 
group.  From  the  enhancements  obtained  by  the  cross-polarization 
technique,  relative  to  the  180°-t-90°  experiment.  It  is  determined  that 
the  ratio  of  bidentate  to  unidentate  groups  Is  52:48  on  the  NH^-Y 
zeolite  and  83:17  on  the  ultrastable  H-Y  zeolite.  These  values  are 
for  loadings  of  about  0.3  monolayer  on  both  the  NH^-Y  and  ultrastable 
H-Y  zeolites.  These  results  are  in  agreement  with  the  qualitative 
Interpretations  of  a  previous  infrared  study  of  similar  loadings  of 
formic  acid  on  the  two  zeolites  (1). 

The  13C  NMR  spectrum  of  the  formate  Ion  may  be  selectively  observed 
by  the  cross-polarization  technique  at  295  K.  The  magnitude  of  the 
broadening  In  the  spectrum  that  Is  attributed  to  ^A1  dipolar  Interactions 
Indicates  that  on  both  zeolites,  the  formate  Ion  Is  bonded  to  A1  atoms 
In  the  zeolite  supercages.  The  Initial  behavior  of  the  dipolar-modulation 
data  for  the  adsorbed  formate  Ion  are  similar  to  that  of  calclian  formate. 
These  data  are  Interpreted  as  a  *3C-lH  bond  of  1.09  A  In  a  llbrational 
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notion  comparable  to  that  of  calcium  formate.  The  Isotropic  chemical 

shift  of  the  carbonyl  hydrogen  of  the  surface  formate  ion  is  similar  to 

those  of  other  bidentate  salts,  rather  than  formic  acid.  The  more 

acidic  nature  of  this  hydrogen  may  be  Involved  in  the  cleavage  of  the 

carbon-hydrogen  bond.  The  center  of  mass  of  the  bidentate  formate  ion  is 

much  lower  than  other  formate  salts,  by  at  least  15  ppm.  Though  this  may 

have  implications  in  the  state  of  the  ion,  the  complex  combination  of 

paramagnetic  and  diamagnetic  contributions  does  not  allow  an  interpretation 

of  the  ionic  state  of  the  carbon  atom. 

The  motional  averaging  of  the  unidentate  is  most  likely  a  reorientation 

at  the  adsorption  site,  such  as  rotation  about  the  zeolite-oxygen  bond 

or  the  carbon-oxygen  bond.  It  is  conceivable  that  the  different  bonding 

to  the  zeolite  surface  is  the  result  of  formic  acid  bonding  to  Si  atoms. 

The  distribution  of  adsorbed  states  of  formic  acid  on  the  two 

zeolites  suggests  that  the  ultrastable  H-Y  zeolite  has  more  A1  sites 

13  27 

available  for  adsorption.  In  addition,  the  C-  A1  dipolar  interaction 

of  the  formate  ions  on  the  ultrastable  H-Y  zeolite  is  stronger  as 

2 

evidenced  by  the  second  moments  of  the  broadenings,  0.79  G  compared 
o 

to  0.53  G  .  The  increased  number  of  A1  atoms  with  stronger  couplings  to 
formate  groups  Is  consistent  with  the  proposal  that  the  thermal  decomposi¬ 
tion  of  NH^-Y  to  ultrastable  H-Y  creates  9  to  15  nonframework  A1  ions 
In  the  zeolite  supercages  (17). 
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(a)  in  ppm,  relative  to  tetramethylsilane  (TMS) 

(b)  data  converted  from  original  reference  using  o(CgHg)  =  -128.7  ppm,  relative  to  TMS 

(c)  principal  components  estimated  from  data,  rather  than  computed  lineshape. 

(d)  two  crystallographically  distinct  formate  groups. 


(d)  Linewidth  of  the  Gaussian  broadening  function  convoluted  Into  the  powder  pattern,  in  ppm 

(e)  Spectrum  convoluted  with  a  Lorentzian  broadening  function 


FIGURE  CAPTIONS 


Figure  1.  Schematic  representations  of  the  NMR  pulse  schemes  used  in 
this  study.  The  abscissa  for  these  representations  Is  time 
and  the  pulses  are  Indicated  by  rectangular  boxes  of 
arbitrary  height.  The  observed  magnetization  Is  Indicated  by 
the  dotted  lines.  The  *3C  and  pulse  schemes  are  started 
simultaneously.  In  the  180°-t-90°  and  dipolar-difference 
sequences,  the  C  A  and  B  modes  are  alternately  applied  and 
the  NMR  signal  Is  alternately  added  and  subtracted. 

Figure  2.  13C  NMR  spectra  of  reference  formates  measured  by  13C-1H 

cross-polarization,  (a)  Formic  acid  at  125  K,  (b)  ammonium 
fonwate  at  185  K  and  (c)  calcium  formate  at  125  K.  The 
abscissa  scale  is  3.44  ppm  per  point  in  all  spectra. 
Frequencies  are  relative  to  tetramethylsilane  (TMS). 

Figure  3.  Amplitude  of  the  observed  13C  magnetization  versus  r,  the 

delay  between  the  180°  and  90°  pulses,  for  formic  acid 

adsorbed  on  the  NH^-Y  (  Q  )  and  the  ultrastable  H-Y  (  A  ) 

13 

zeolites  at  295  K.  Absolute  counts  for  the  C  nuclei  were 
calibrated  with  an  enriched  adamantane  sample.  The 
proton-decoupling  was  set  at  16  G. 

Figure  4.  13C  NMR  spectra  of  formic  acid  adsorbed  on  (a)  the  NH^-Y 
zeolite  (130,000  averages)  and  (b)  the  ultrastable  H-Y 
zeolite  (66,000  averages),  as  measured  by  the  180°-t-90° 
experiment  at  295  K.  In  both  spectra,  t  •  0.5  msec  and 


proton  decoupling  was  at  16  G. 


Figure  5.  NMR  spectra  of  the  ultrastable  H-Y  zeolite  dosed  with 
formic  acid,  eight  months  later,  with  (a)  16  6  proton 
decoupling  and  (b)  no  decoupling.  Both  spectra  are  the 
result  of  about  66,000  averages  of  the  180°-t-90°  sequence 
with  t  ■  0.5  msec  at  295  K. 

Figure  6.  The  amplitude  of  the  observed  magnetization  versus  the 
length  of  the  cross-polarization  process  for  formic  acid 
adsorbed  on  the  NH^-Y  (Q)  and  the  ultrastable  H-Y  (A) 
zeolites  at  295  K.  The  proton  decoupling  was  set  at  16  G. 

13 

Figure  7.  C  NMR  spectra  of  adsorbed  formic  acid  as  a  function  of 

temperature,  measured  by  the  cross-polarization  scheme.  The 
data  were  recorded  Immediately  after  1.0  msec  of  cross¬ 
polarization  with  16  G  of  proton  decoupling.  The  spectra  are 
formic  acid  adsorbed  on  the  NH^-Y  zeolite  at  (a)  295  K  and 
at  155  K;  and  the  ultrastable  H-Y  zeolite  at  (c)  295  K  and 
at  115  K.  Each  spectrum  is  the  accunulation  of  about  66,000 
averages. 

13 

Figure  8.  The  amplitude  of  the  observed  C  magnetization  versus  the 
delay  to  the  echo  in  the  cross-polarization  sequence  for 
formic  acid  adsorbed  on  the  NH^-Y  zeolite  (□)  and  the  ultra¬ 
stable  H-Y  zeolite  (A)  at  295  K.  Proton  decoupling  pulses 

13 

of  16  G  were  applied  Immediately  after  the  C  spin-locking 


Figure  9.  Spectral  areas  versus  the  dipolar-modulation  time  for  formic 
acid  adsorbed  on  the  NH^-Y  zeolite  at  295  K  (□)  and  at 
125  K  (A)*  For  comparison,  we  also  plot  the  data  for  benzene 
at  185  K  (0)  and  calcium  formate  at  295  K  (O)  reported  by 
Stoll,  et  al_.  (14,25).  Theoretical  curves  are  for  a  rigid 
13C-*H  bond  length  of  1.09  8  (dotted  line),  a  rigid  bond  at 
1.19  %  (dashed  line),  and  for  a  1.09  8  bond  averaged  by 
rotation  in  a  plane  (dashes  and  dots). 

Figure  10.  Proton  spectrum  of  the  carbonyl  hydrogen  of  formic  acid 

adsorbed  on  the  NH^-Y  zeolite  at  295  K,  obtained  with  about 
8,000  averages  of  the  dipolar-difference  experiment. 
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